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     Abstract— This paper presents a proof of concept demonstrator 

for a pair of novel phase shifters based on substrate integrated 

waveguide (SIW) technology. Gallium-based liquid metal (LM) is 

used to reconfigure each phase shifter. The paper presents LM 

phase shifters that, for the first time, have a phase shifting range 

of 360. The phase shifters have a small electrical size, and they are 

intended for use within phased array antenna applications. The 

paper also presents a design procedure for the phase shifters. The 

procedure has been used to design two phase shifters operating at 

10 GHz. The design process can be readily scaled for operation at 

other frequencies. The proposed phase shifters are reciprocal and 

bidirectional and they have very low insertion loss. A series of  

reconfigurable LM vias are used to achieve the phase shift. Each 

of LM via is activated once a drill hole is filled with LM and it is 

deactivated once LM is removed. Using this method; it is possible 

to achieve a phase shift step ranging from 1° to 100° using a single 

LM via. Moreover, the overall phase shift can be extended to 360° 

by employing several LM vias in series inside the SIW. The 

proposed phase shifters have an insertion loss lower than 3 dB and 

provide a total phase shifting range of approximately 360° in eight 

steps of approximately 45° each. This enables the proposed two 

phase shifters to have an extraordinary Figure of Merit (FoM) of 

131.3 /dB and 122.4 /dB.  

 
Index Terms— Phase shifter, phased arrays, liquid metal, 

reconfigurable circuit, SIW. 

I. INTRODUCTION  

aroius microwave and millimeter-wave (mm-wave) 

systems rely on using phase shifters. This includes 

microwave instrumentation, antennas capable of electronic 

beam scanning, modulators, and smart antennas. One of the 

main disadvantages of state–of-the-art phase shifters, operating 

at microwave and mm-wave frequencies, is that they have high 

insertion losses (IL). Phase shifters have been traditionally 

developed using several approaches including: 90 -hybrid 
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couplers [1], switched transmission lines [2], periodic loaded 

lines [3] and unequal-length unequal-width transmission line 

[4]. However, although these phase shifters offers large phase 

shift and high performance, their large physical size makes 

them impractical for use in compact phased array systems [5]. 

Some of the most the widely used phase shifters are those based 

on PIN diodes and GaAs FETs [6]-[8]. However, these phase 

shifters have several limitations. Phase shifters based around 

GaAs FETs have lower IL than competing devices but have 

limited radio frequency (RF) power handling capability [6]-[8]. 

Phase shifters based around PIN diodes have higher RF power 

handling capability. However, they suffer from relatively high 

IL losses. Some other widely used phase shifters rely on CMOS 

technology to achieve high resolution and accuracy [5], [9]-

[16]. CMOS phase shifters are small in size and can be used in 

integrated circuits (ICs) [5], [9]-[16]. However, the main 

drawbacks of CMOS phase shifters are they have losses in 

amplitude, limited output power and relatively poor noise figure 

due to the high insertion loss and nonlinearity. For instance, the 

typical IL performance for a state-of-the-art CMOS based 

active phase shifter is much higher than 10 dB at 10 GHz [10]- 

[12], [15]-[17]. 

Other less common technologies that have been used to 

design phase shifters at X-band include Liquid crystal and 

Ferroelectric Ceramics. However, Ferroelectric phase shifter 

have seen limited use due to: the complexities involved in their 

fabrication, their high ILs [18]-[22], and their limited phase 

shifting performance [23]-[25]. For instance, the Ferroelectric 

phase shifter in [18] has an IL of 6.6 dB with a measured phase 

shift of 342° at 10 GHz and the Ferroelctric based phase shifter 

in [21] has an IL of 10.3 dB at 10 GHz. However, the phase 

shifters in [23]-[25] have a limited phase shifting range; 166° 
for [21], 200° for [24], and 216° for [25]. On the other hand, 

Liquid crystal (LC) materials are mostly used to design high 
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performance phase shifters at mm-wave and THz frequencies. 

At these frequencies modern LC materials have low IL together 

with wide phase tuning range [26]-[40]. However, LC materials 

have seen very limited usage at lower frequencies (i.e. below 

30 GHz) [26]-[40]. This because a greater thickness of LC 

material is required at lower frequencies which leads to higher 

IL and limited phase tunability range. For example, the phase 

shifter in [41] can provide a phase shift only up to 185° between 

14.5 GHz and 15.3 GHz and the LC based phase shifter in [42] 

provides a measured phase shift of ≈101° and IL of ≈5 dB at 

10 GHz. Furthermore, the two LC based phase shifters, in [43] 

provide a phase shift up to 215° with an IL, at 10 GHz, of 16 

dB and 9 dB, respectively. Other LC based phase shifter, in [44] 

and [27] have a maximum phase shift of ≈100° for [44] and 

phase shift of ≈60 for [27] with IL of ≈ 3.9 dB for [44] and IL 

of 2.5 dB for [27] at 10 GHz.  

 [5]-[12], [15]-[25], [41]-[66] report Phase shifters operating 

at 10 GHz. Those phase shifters have an average IL 

performance of 6.35 dB. The phase shifters considered are 

based on a very wide range of different technologies. For 

example, phase shifters based around MEMS-switched 

capacitors offer relatively low IL level at X-band frequencies 

(i.e. [66] has an IL of 6 dB at 10 GHz). However, MEMS have 

several disadvantages which have prevented their large-scale 

usage. For instance, MEMS suffer from contact welding which 

degrades their reliability [45], [50]-[51], [63], [66].  
    Significant efforts have been made by researchers in the field 
to develop high performance phase shifters having low-loss and 

reduced size. One of the figure-of-merit (FoM) which is widely 
used to compare phase shifters [25], [27], [35], [42], [44], [67] 
is given in (1). 

𝐹𝑜𝑀 =  
∆∅𝑚𝑎𝑥

𝐼𝐿𝑚𝑎𝑥

 (1) 

Where, ∆∅𝑚𝑎𝑥: is the maximum phase shift and 𝐼𝐿𝑚𝑎𝑥 is the 

maximum insertion loss, at particular frequency. 

Recently, there has been growing interest in using Gallium 

based Liquid metal (LM) to make reconfigurable circuits and 

devices. This includes: microwave filters [68]-[71], Radio 

Frequency (RF) switches [72]-[74], antennas [75]-[78], and 

phase shifters [79]-[80]. [79] presents a phase shifter based on 

a defected ground plane and it can be reconfigured using LM. 

The phase shifter operates at 5.6 GHz and achieves a total phase 

shift of only 67.2. The phase shift can be varied in uneven 

steps. The phase shifter has a FoM of 70/dB [79]. The 

approach in [79] is interesting, but more work is needed to 

obtain a wider phase shifting range in even steps. The phase 

shifter in [80] achieves a total phase shift of 180 with peak 

FoM of 78.3/dB at 10 GHz. The phase shifter employed the 

switched line approach. It relies on a series of LM vias to switch 

between several SIW transmission lines having different 

electrical lengths. A series of vias are used to provide fine 

control of the phase shift. However, the overall phase shift 

provided by this approach is limited to 180. Also the 

bandwidth of the phase shifter is relatively narrow. In addition, 

phase shifters employing the switched line approach e.g. [80] 

tend to have a relatively large physical size. [80] has a complex 

design due to the large number of LM vias used to change the 

direction of the electromagnetic waves between different paths. 

These characteristics would be disadvantages when attempting 

to integrate the phase shifter with other circuitry e.g. the feeding 

structure associated with a phased array antenna.  

    This paper proposes two phase shifters that can be 

reconfigured using liquid metal and are suitable for integration 

in a phased array based around an SIW feeding structure. The 

proposed phase shifters are the first such phase shifters having 

a tuning range of up to 360 together with a very low IL and a 

small electrical size. For example, the proposed phase shifters 

have FoM values of 131.3 /dB and 122.4 /dB at 10 GHz. 

These are very high FoM values and to our knowledge, these 

are amongst the highest FoM figures reported for a 10 GHz 

phase shifter. One of the other main advantages of the proposed 

phase shifters is that their total electrical length is relatively 

small, which makes it easier to integrate them in an SIW feeding 

network to realize a beam scanning phased array. Also, we 

hypothesize that the proposed phase shifters will be able to 

handle very high RF power. The reason for this is that there 

seems to be nothing about LM that might restrict its RF power 

handling ability. For this reason the RF power handling ability 

of the SIW phase shifter will be limited only by the SIW 

transmission line itself, which is considerable. We anticipate 

that the proposed phase shifters will provide remarkably 

enhanced linearity performance [75]. However, in comparison 

with phase shifters based around competing technologies, the 

proposed phase shifters have a relatively narrow operating 

frequency bandwidth together with a relatively coarse 

resolution, of 45°, and a relatively large physical size. 

Furthermore, it is estimated that the proposed phase shifters 

have a reconfiguration time ranging from 3 milliseconds to 

seconds, depending on the technique used to actuate the LM 

[55], [81]. The proposed phase shifters are suitable for 

applications requiring low loss and high power-handling 

capabilities. 

 The same design concept can also be employed to create phase 

shifters operating at millimeter wave frequencies. Currently 

there are no off-the-shelf electronically controllable phase 

shifters operating at frequencies above 40 GHz. 

The paper is organized as follows. Section II presents the 

structure of the proposed LM phase shifter. Section III 

discusses the theory, concept and the design process for the 

proposed phase shifters. Section IV explains the considerations 

involved in fabricating the phase shifters. Section V presents 

the experimental and simulated results. Section VI, provides 

overall conclusions. 

II. CONCEPT AND THEORY OF THE PHASE SHIFTER 

It has been proven that a phase shift is produced when a high 

pass filter is used in a topology known as the switched high-

pass/low-pass [82]-[85]. Such a filter can be realized using a 

variety of different technologies. One such technology which is 

studied in detail in [82], [85]-[87] is a cylindrical conductive 

post, or an array of posts, in a rectangular waveguide, as shown 

in Fig. 1. This conductive post is equivalent to a via in an SIW 

transmission line. The horizontal position (s) of the post as well 
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as the post diameter are used to control the realized phase shift. 

Furthermore, it is possible to represent a single metal post as a 

high pass filter consist of T-network of lumped elements. The 

phase shift (𝜑) is controlled by the susceptance B and the 

reactance X as given in (2) [82], [84].  
 

𝜑 =  
𝐵 + 2𝑋 − 𝐵 𝑋2

2(1 − 2𝐵𝑋)
 

(2) 

   
 Based on Eq.2 and the above discussion, a substrate 
integrated waveguide (SIW) phase shifters are developed. The 
phase shifters operate at 10 GHz as it is the Centre of X-Band. 
The schematics of the proposed phase shifter is shown in Fig. 

2. The proposed phase shifter has eight liquid metal (LM) vias 
with vias diameter (𝑑). The phase shifter dimensions are shown 
in Table. I. 

In fact, adding a single via in an SIW transmission line will 

create a phase shift that is directly proportional to the vias 
diameter (𝑑) and inversely proportional to the distance between 
the centre of the SIW and the position of the via with respect to 

the y-axis (𝑌𝑐). A single via will cause a phase advance in the 
phase of an electromagnetic (EM) wave propagating in the 
SIW, as shown in Fig. 3. In other words, adding the via will 
reduce the electrical length of the SIW transmission line. This 
results in a shorter path for the wave that naturally causes an 

advance in the phase of the EM wave. Adding an array of vias 

will further reduce the electrical length of the SIW, as shown in 

Fig. 4 and it will increase the phase advance, resulting in a 
greater phase shift that can be controlled using the distance, in 
the x-axis direction, between the vias.   
  
    When the vias are empty of LM the via size has a negligible 
effect on the RF performance of the phase shifter provided that 

the via diameter is less than 2mm. When the vias are filled with 
liquid metal they can control the phase shift, provided by the 

phase shifter. Given that the width of the SIW line (𝑎) is fixed, 
the phase shift and the insertion loss (IL) contributed by a single 
LM via can be controlled by altering the horizontal position of 
the via (denoted 𝑌𝑐), as well as by the via diameter (denoted 𝑑), 
as shown in Figs. 5 to 7. Note that, in order to achieve the 

maximum phase shift per via, that particular via must have 
larger diameter and it must be moved along the y-axis of the 
SIW transmission line such that it is closer to the origin of the 
y-axis. For a fixed via diameter, the phase shift contributed by 

each via is thus inversely proportional to 𝑌𝑐. For a particular 
application we may prefer to set the diameter of the vias to be 
larger or smaller. We can then alter 𝑌𝑐 to compensate for the 
difference in phase shift that would otherwise result. Consider 

the case where 𝑎 = 14 mm and the via diameter is set to 2 mm. 
For this combination of parameters, a phase shift ranging from 

7.8° to 88.8° could be obtained using a single via, by gradually 
changing 𝑌𝑐 from 5.5 mm to 0 mm, as shown in Fig. 6(a). In 

 
(a) 

 
(b) 

Fig. 1. The schematic of conductive posts in a rectangular waveguide 

with the equivalent circuit. (a) Rectangular waveguide, and (b) 

equivalent circuit for a single post.  
 

 

 
(a) 

 
(b) 

Fig. 2. The prototype of the Liquid metal based phase shifter. (a), (b) Top 

view and (c) photos of the prototype. Key: copper = yellow, substrate = 

light blue, copper plated vias = yellow, LM vias = green. 

 
TABLE I 

THE PHASE SHIFTER’S DIMENSION (UNIT: MM) 

𝑥1 = 2.6  𝑥2 = 6.7 𝑥3 = 5.7 𝑥4 = 6.2 

𝑥5 = 6.1  𝑥6 = 6 𝑥7 = 6.3 𝑥8 = 6.2 

 𝑎 = 14  𝐿 = 57.2  𝑑 = 1.8 𝑑1 = 1 

 𝑇𝐿 = 6.8  𝑇𝑊 = 4.1 𝑌𝑐  = 3   𝑥1 = 7 

 
 
 
 

 
 

x

z
yMetal 

Post s s jX jX

jB

x
y

x1

L

ax2

x3

x4

x5

x6

x7

x8

x
y

Yc

d

d1

TL

TW

 
Fig. 3. Effect of 𝑌𝑐  on the phase of the proposed phase shifter at 10 GHz for 

a fixed via diameter of 1.8 mm.  

 

 
(a) 

 
(b) 

 
(c) 

Fig. 4. The electric field distribution inside the proposed phase shifter at 10 

GHz with/without the presence of LM vias. (a) With no vias, (b) with three 

LM vias and (c) with eight LM vias 
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addition, when the via diameter is 0.5 mm a single via can 

provide a phase shift of up to 38.4°. When the via diameter is 3 
mm, on the other hand, a single via can provide a phase shift of 

117°, as shown in Fig. 6(a). However, the insertion loss 
increases in proportion to the amount of phase shift provided by 
each via, as shown in Figs. 5(b), 6(b), and 7(c). This insertion 
loss can be attributed to mismatch, as shown in Figs. 5(d), 6(d), 
and 7(d). For example, consider the case introduced above, 

where 𝑎 = 14 mm and when 𝑑 = 2 mm, the IL is 1.7 dB when 

𝑌𝑐 = 5.5 mm. However, the IL rises to 2.47 dB when 𝑌𝑐 = 3 
mm, to 4.25 dB when 𝑌𝑐 = 2mm, and to 11 dB when 𝑌𝑐 = 0 
mm, as shown in Fig. 6 (b). Furthermore, the IL ranges from 

1.7 dB to 3.6 dB, when 𝑑 = 0.5 mm and from 1.75 dB to 18.5 
dB when 𝑑 = 3 mm as shown in Fig. 6(b). 

     For a given value of 𝑌𝑐 and via diameter (d) the maximum 
phase shift achieved by a single via is inversely proportional to 
the width of the SIW line (a). Reducing the width of the SIW 
line thus results in a larger phase shift per via, as shown in Figs. 
5 (a) to 7(a). For example, when a = 11mm the phase shifter 

provides a maximum overall phase shift of 174.8, as shown in 
Fig. 5(a). while the maximum phase shift is 117°  when a = 
14mm, as shown in Fig. 6(a) and it is 115°, when a = 15.4 mm. 
However, the insertion loss (IL) increases as the width of the 
SIW line is reduced, due to an increase in the level of mismatch 
and thus reflection. For example, the worst reflection 

performance and thus IL is obtained when a = 11mm, as shown 

in Figs. 5(b) and 5(c).  The width of the SIW line (a) also affects 
the upper and lower cut off frequencies of the SIW transmission 
line, as explained in Eqs. 3 and 4 [88]-[90]. 

𝐹𝐶,𝑚𝑛 =
𝑐

2√𝜀𝑟

√ (
𝑚

𝑎
)

2

+ (
𝑛

𝑏
)

2

   

 

(3) 

𝐹𝐶,𝑚0  =  
𝑚𝑐

2𝑎√𝜀𝑟

 (4) 

  
where: c is the speed of light in a vacuum, m and n are integers 

and 𝑏 is the height of SIW transmission line. 
     Specifically, the cut-off frequencies of the TE10 and TE20 
modes, propagating in the SIW line, are controlled by the width 
of the SIW transmission line (a). Please note that TE10  is the 

fundamental mode within the SIW line. The operation 
frequency of the proposed phase shifter was set to 10 GHz. 10 
GHz corresponds to the center of X-band. The width of the SIW 

line (a) is chosen to be 14mm (<
𝜆

2
 where 𝜆 is the free-space 

wavelength at the operating frequency i.e. 10 GHz). This would 
enable the proposed phase shifter to be easily integrated within 
the feeding structure of a phased array antenna. In phased array 

antenna systems, the antenna elements are typically separated 

 
(a) 

 
(b) 

 
(c) 

Fig. 5. The effect of 𝑌𝑐  on the phase shift and S-parameters when a = 11mm  at 10 GHz. (a) 𝑆21 phase, (b) amplitude of 𝑆21 and (c) amplitude of 𝑆11. 

 
(a) 

 
(b) 

 
(c) 

Fig. 6. The effect of 𝑌𝑐  on the phase shift and S-parameters when  a = 14mm  at 10 GHz. (a) 𝑆21 phase, (b) amplitude of 𝑆21 and (c) amplitude of 𝑆11. 

 
(a) 

 
(b) 

 
(c) 

Fig. 7. The effect of 𝑌𝑐  on the phase shift and S-parameters for when a = 15.4 mm  at 10 GHz. (a) 𝑆21 phase, (b) amplitude of 𝑆21 and (c) amplitude of 𝑆11. 
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by ≈
𝜆

2
 to yield an optimum compromise between the steering 

range and grating lobe performance [91]. In the proposed 
design, the full width of the proposed phase shifter, including 

the copper vias is 15mm, which is  
𝜆

2
 at 10 GHz.  

     According to Eqs. 3 and 4, when a =14 mm, the lower cut-
off frequency is 5.7 GHz, while the upper cut-off frequency is 

11.6 GHz. Please note that the bandwidth of the phase shifter is 
principally controlled by the upper cut off frequency. Above 
this frequency higher order modes will propagate inside the 
SIW line, which is undesirable. Increasing the width of the SIW 
line would have the effect of reducing the upper cutoff 
frequency and thus the bandwidth of the phase shifter. For 
example, When a = 15.4 mm, the upper cut-off frequency of the 

SIW line is 10.3 GHz.  In addition, narrower transmission line 
which has a width of less than 14mm have higher cutoff 
frequencies and achieves higher phase shift per LM via as 
discussed previously (i.e. lower and upper cut off frequencies 
are 7.2 GHz and 14.5 GHz, when a = 11 mm). However, SIW 
with narrower transmission line width has worst insertion loss 

and they are much smaller than 
𝜆

2
 at 10 GHz.  

 The total phase shift, provided by the phase shifter, can be 

increased by adding more LM vias. The exact value of the phase 

shift and the IL can be controlled by the horizontal distance 

between two LM vias in the x-axis direction (x2 to x8), as 

shown in Fig. 8. For example, the addition of a second LM via 

yields a phase shift of between 22.5° and 58°. The amount of 

phase shift provided is independent of which of the 7 remaining 

LM vias are activated, as shown in Fig. 8(a). In principle, 

therefore, it is possible to design a reconfigurable phase shifter 

with eight LM via that can achieve a phase shift of up to 360°. 
In addition, there is no advantage to the particular starting 

position chosen for the LM via. Both positions of 𝑌𝑐 (i.e. 

whether the first via is offset in the +y-axis direction or the –y-

axis direction, with respect to the origin of the y-axis) yield the 

exact same performance as shown in Fig. 6. The phase shifter 

can have 9 states and a step of ~45°, as summarized in   

TABLE. III. Finally, it is possible to design the phase shifter 

with non-alternating via positions (i.e. all vias are on one side 

of the waveguide). However, this will yield to lower phase shift 

achieved by each via and will increase the IL. For example, The 

maximum phase shift can be achieved using this methodology 

is ≈260° when 8 vias are used with a maximum phase shift of 

around 32°. This is significantly much less than the total phase 

shift can be achieved when using alternating vias as proposed 

in our design shown in Fig. 2. 

III. DESIGN CRITERION FOR THE PROPOSED PHASE SHIFTER 

    This section will describe a methodology that should be 

followed in order to design the proposed phase shifters. We 

present two different versions of this methodology 

corresponding to the two proposed LM phase shifters. The 

design process, described in [88]-[90] and Eq. 3 and Eq. 4 were 

used to determine the width of the SIW transmission line (a) as 

discussed in the previous section. Next a tapered transition from 

microstrip to SIW is designed. A copy of that transition was 

added to each side of the SIW transmission line. Each of the 

microstrip lines were then terminated in an SMA connector. 

The design criterion in [89], [92] was used to design the tapered 

transition. The Frequency Domain Solver in CST Microwave 

Studio® 2019 was used to optimize the length and width of the 

transition (TL and TW). After that, the phase shift is controlled 

by adding LM vias. We can envisage two possible design 

methodologies and these result in the two phase shifter designs 

proposed in this paper. The first methodology involves 

maintaining a non-uniform distance, in the x-axis direction, 

between LM vias. In this case the required phase shift per via is 

controlled by the horizontal distances between the LM vias, 

labeled 𝑥2 to 𝑥8. The second design methodology involves 

maintaining a uniform distance, in the x-axis direction, between 

the vias (i.e. 𝑥 = 𝑥2 =  𝑥3 = 𝑥4 = 𝑥5 = 𝑥6 = 𝑥7 = 𝑥8). We 

then optimize 𝑥 to achieve a total phase shift of 360°. The 

following sub-sections discuss these design methodologies in 

detail. 

TABLE II 

THE OPERATING STATES OF THE PHASE SHIFTER  

State 
Number of Active 

LM Via 
Total Phase shift 

State 1 (S1) 0 0 

State 2 (S2) 1 45° 

State 3 (S3) 2 90°  

State 4 (S4) 3 135° 

State 5 (S5) 4 180° 

State 6 (S6) 5 225° 

State 7 (S7) 6 270° 

State 8 (S8) 7 315° 

State 9 (S9) 8 360° 

 

 
 
 
 
 
 

 
 

 
(a) 

 
(b) 

Fig. 8. The effect of the horizontal separation (x2 to x8) between the LM 

vias on the 𝑆21 of the proposed phase shifter at 10 GHz. (𝑑 =1.8 mm and 

𝑌𝑐  =3 mm) (a) Phase and (b) amplitude.  
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A. Phase shifter design with non-uniform distance between 

the LM vias 

The following text summarizes the procedure for designing 
the non-uniform phase shifter.:  

1. Determine the dimensions of the SIW using (3) and 

(4).  

2. Add the first LM via and optimize its position in the y-

axis (Yc) direction, in order to achieve the required 

phase shift. Please note that 𝑥1 has no effect on the 

phase shift. The phase shift is mainly controlled by 𝑌𝑐. 

For the proposed phase shifter 𝑌𝑐 was set to 3 mm in 

order to achieve a phase shift of 31°. This particular 

value of phase shift was chosen in order to keep the IL 

below 2.4 dB at 10 GHz. 

3. Add the second LM via and optimize the distance (i.e. 

𝑥2) between both LM vias in order to achieve a phase 

shift of 47° at 10 GHz. 

4. Repeat step 3 for the rest of LM vias (i.e. the third via 

to the eighth via by optimizing parameters 𝑥2 to 

𝑥8). ≈ 47° was selected as value of phase shift for 

those vias, so that the total phase shift achieved by the 

eight LM vias is 360°. (31° + 47° × 7 = 360°). 

B. Phase shifter design with uniform distance between the 

LM vias 

   The uniform phase shifter is simpler to design than the non-

uniform phase shifter. However, this is at the cost of higher IL 

and reduced accuracy in controlling the size of the smallest 

phase step. The following text summarizes the procedure for 

designing the non-uniform phase shifter:  

1. Determine the dimensions of the SIW using (3) and 

(4).  

2. Add the first LM via. Please note that 𝑥1 has no effect 

on the phase shift. The phase shift is mainly controlled 

by 𝑌𝑐. For the proposed phase shifter 𝑌𝑐 was set to 2.7 

mm in order to keep IL below 3 dB at 10 GHz. This 

value of 𝑌𝑐 yields a phase shift of 35°.  
3. Add the rest of the LM vias. All vias are added at the 

same time. The horizontal distance between the vias is 

maintained constant and it is labelled 𝑥 (𝑥 = 𝑥2 =
 𝑥3 = 𝑥4 = 𝑥5 = 𝑥6 = 𝑥7 = 𝑥8). Next, 𝑥 is 

optimized through a parametric study and selected to 

be 7 mm, so that the entire phase shifter achieves a 

phase shift of around 360° using only eight LM vias.  

IV. FABRICATION CONSIDRATION 

The hardware prototype was fabricated and actuated as 

shown in Fig. 9. The phase shifters are designed using SIW 

technology and fabricated on a RO4003C substrate with a 

thickness (h) of 0.813mm. The tangent loss of the substrate is 

0.0027 and the dielectric constant is 3.55.  The prototypes of the 

phase shifter were fabricated using chemical etching 

technology which is a standardized procedure for fabrication of 

printed circuit boards (PCB). 
LM was contained and guided in a channel structure consists 

of Perspex. The channel consisted of three layers of clear 
Perspex, as shown in Fig. 9. Layers 1 (#L1) and layer 2 (#L2) 
contains reservoirs used to hold liquid metal (these are referred 

to as LMRs), while layer 3 (#L3) is used as a cover. Eight 
metallic screws (SC) located outside the SIW are used to hold 
the different layers of Perspex together, as shown in Fig. 9. The 
screws have no effect on the RF performance of the proposed 
phase shifters because they are located outside the SIW 
transmission line. LM is injected into and removed from the 
drill holes using a syringe. This actuation approach is 

commonly used and literature contains several papers, which 
adopt this approach for actuation [76], [93]-[102]. Several other 
actuation techniques are reported in literature such as: 1) the use 
of a micropump [55], [64], [81], [103]-[104] or 2) the use of 
electrochemically controlled capillary action [105]-[106]. 
However, LM actuation is not within the scope of the research 

reported in this paper. It would be possible to adopt any of these 
techniques to actuate the proposed phase shifters, as changing 
the method of actuation will have no effect of the RF 
performance of the phase shifters. This is because that the 
actuation circuits could be placed above or below the ground 
plane of the phase shifter, where the strength of magnetic field 

(H-field) and electric field (E-field) are extremely low. In 
addition, the diameter (d) was set to 1.8 mm to make it easier to 
fill and empty the holes with liquid metal (LM) smoothly and 

 
(a) 

 
(b) 

  
(c) 

 
(d) 

Fig. 9. The schematics of the fabricated phase shifter. (a) Top view with 

Perspex cover and (b) cross section of z-y plane, (c)–(d) prototypes of the 

proposed phase shifter. Key: L#1 = first layer of Perspex, L#2 = second 

layer of Perspex, L#3 = Third Layer of Perspex, LMR = reservoir holding 

Liquid metal (LM), LMV = Via consists of LM, CV = Copper via, SC = 

Metallic Screw, Substrate = light blue, Copper plated vias = yellow, 

Perspex = Orange, Metallic Screw = red, LM vias = green. 
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repeatedly. In our experience, it is technically possible, but 
difficult to fill vias with LM if they have a diameter of less than 
0.9 mm. However, it is easier to fill vias having a diameter 
larger than 0.9 mm. Larger vias have a much larger area. For 

example, a via with a diameter of 1.8 mm has an area that is 
almost four times larger than that of a via with a diameter of 0.9 
mm. Furthermore, simulation results show that the via size has 
limited effect on the RF performance of the phase shifter. Vias 
with a diameter of less than 2 mm are electrically small at 10 
GHz and the radiation and RF power leakage from them is 

negligible. A via size between 1 mm and 2 mm is thus 
recommended for the proposed application and the main 
advantage of using larger vias is that they are easier to fill with 
LM. However, using a via diameter larger than 2mm will 
introduce excessive IL, when the vias are empty of LM. For 
instance, an extra 0.25 dB of IL results when the via diameter 

is increased from 2 mm to 3mm. Furthermore, after removing 
LM from the vias we noticed that no residues remained. 
Moreover, we typically use the liquid metal several time to 
actuate the phase shifters and we have found that this does not 
affect the RF performance of the phase shifters. 

V. EXPERIMENTAL RESULTS 

   Two phase shifters were fabricated and measured. Both phase 

shifters achieve a phase shift up to 360°. In the first phase shifter 
there is a non-uniform distance between the LM vias and in the 
second phase shifter there is a uniform distance between the LM 
vias.  

A. Phase shifter with non-uniform distance between the LM 

vias 

   The proposed phase shifter achieves a phase shift of up to 

360°, with eight different steps, depending on the number of 

active LM vias. Figs. 8 and 9 show the simulated and measured 

𝑆11 and 𝑆21  performance of the proposed phase shifter. 𝑆22 and 

𝑆12 were also measured and found to be the mirror images of 

𝑆11 and 𝑆21, and hence for brevity they are not shown in this 

paper. The proposed phase shifter achieves a total measured 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 11. The Measured S-parameter of the proposed phase shifter with 

non-uniform LM via. (a)-(b) 𝑆11 and (c)-(d) 𝑆21. [M: is for measurement 

results and S is for simulated results] 

 
 
 
 
 
 

 
 

 
(a) 

 
(b) 

Fig. 10. The measured 𝑆21 of the proposed non-uniform LM phase 

shifter. (a) 0° to 180° and (b) 180° to 360°. [M: is for measurement results 

and S is for simulated results] 

TABLE III. 

MEASURED PHASES OF THE PROPOSED NON-UNIFORM LM PHASE SHIFTER AT 

10 GHZ 

State 

(S) 

Number of 

active LM 

vias 

Simulated total 

phase shift 

(step) 

Measured total 

phase shift 

(Step) 

Measured  

IL (dB) 

 (S1) 0 NA NA 1.7 

 (S2) 1 30.5° (30.5°) 31.2° (31.2°) 2.3 

(S3) 2 77.8° (47.3°) 81.8° (50.6°) 1.9 

 (S4) 3 125.3° (47.5°) 132.3° (50.5°) 1.9 

(S5) 4 172.7° (47.4°) 179° (46.7°) 2.0 

 (S6) 5 219.5° (46.8°) 223.8° (44.8°) 2.1 

 (S7) 6 267° (47.5°) 277.9° (53.1°) 2.8 

 (S8) 7 313.9° (46.9°) 323.4° (46.5°) 2.3 

 (S9) 8 360.5° (46.6°) 367.6° (44.2°) 2.8 

 Total 360.5 367.6  
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phase shift of 368.6°, when all of the LM vias are active. This 

compares to a simulated phase shift of 360.5°. The proposed 

phase shifter has an IL of lower than 2.8 dB for all states, as 

shown in Fig. 9. A good standard of agreement was observed 

between the simulated and measured phase results. The detailed 

phase and IL results, at 10 GHz, are summarized in TABLE III. 

The size of the measured phase steps is 47° ± 3.3°, except for 

state 7 which has a measured phase step of 53.1°, in comparison 

to a simulated value of 47.5°. The discrepancies between the 

measured and simulated phase shift are mainly attributable to 

combination of fabrication tolerances, especially in the position 

and the size of each via hole. Simulation results shows that the 

phase of the proposed phase shifter is sensitive to the position 

of LM vias (Yc) and x2 to x8. For example, a fabrication error 

of 0.1 mm in position of 𝑌𝑐 for all eight LM vias could result 

in a phase change up to ≈27°, while a fabrication error of 

0.05mm in 𝑌𝑐 could lead to a total phase change of ≈13°. 
However, a 0.1 mm fabrication tolerance in all 𝑥2 to 𝑥8 position 

could result up to 8.5° of phase change, while a fabrication error 

of 0.05mm in 𝑌𝑐 could produce a total phase change of ≈5°. In 

addition, we observe a small frequency shift (of ≈50MHz to 

≈75 MHz) between key features in the simulated and measured 

magnitude of 𝑆11 and 𝑆21, as shown in Figs. 8 and 9. This can 

be attributed to the tolerance in the positions of LM vias and 

fabrication tolerances in the size of the SIW transmission line 

and the SIW to microstrip transition. 

   The IL of the proposed phase shifter can mainly be attributed 

to matching and dissipation losses within the substrate. For 

instance, in state 0 and at 10 GHz, the phase shifter has a 

simulated and measured IL of 1.65 dB together with an average 

of IL of 1.6 dB, over the entire operating band. This IL can be 

attributed to dissipation losses within the substrate due to the 

large electrical length of the phase shifter (L ≈ 2𝜆, where 𝜆 is 

the operation wavelength at 10 GHz). Finally, LM was 

modelled as a lossy metal having a conductivity of 3.4  106 

S/m [77]. The conductivity of LM is relatively high. The 

conductivity of Copper is just 17 times higher than that of LM. 

In fact, due to high conductivity of LM there is no discernable 

difference between the performance of phase shifters having 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 13. The Measured S-parameter of the proposed phase shifter with 

uniform LM via. (a)-(b) 𝑆11 and (c)-(d) 𝑆21. [M: is for measurement 

results and S is for simulated results] 

 
 
 
 
 
 

 
 

 
(a) 

 
(b) 

Fig. 12. The Measured 𝑆21 of the proposed uniform LM phase shifter. (a) 

0° to 180° and (b) 180° to 360°. [M: is for measurement results and S is 

for simulated results] 

TABLE IV. 

Measured phases of the proposed phase shifter at 10 GHz 

State Number 

of active 

LM vias 

Simulated 

total phase 

shift (step) 

Measured 

total phase 

shift (step) 

Measured  

IL (dB) 

State 1 (S1) 0 0 0 1.4 

State 2 (S2) 1 35° (35°) 34° (34°) 3.1 

State 3 (S3) 2 92°  (57°) 92.5° (58.5°)  2.7 

State 4 (S4) 3 139.4 (47.4°) 136.5° (44°) 2.6 

State 5 (S5) 4 181.4 (42°) 187° (50.5°) 3 

State 6 (S6) 5 223.4° (42°) 234.8° (47.8°) 2.2 

State 7 (S7) 6 275.4° (52°) 285.8° (51.0°) 2.6 

State 8 (S8) 7 319.4° (44°) 332.7° (46.9°) 1.9 

State 9 (S9) 8 363.4° (44°) 379.5° (46.5°) 3.1 

 Total 363.4° 379.5  
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copper vias and that of a phase shifter having LM vias. 

B. Phase shifter with uniform distance between the LM vias 

    The measured results for the proposed phase shifter having a 

uniform distance between vias are shown in Figs. 10 and Fig. 

11 and are summarized in TABLE. IV. The total simulated 

phase shift which can be achieved using eight LM vias is 363.4° 
and the total measured phase shift is 379.5° as shown in Fig.10. 

In all states and at 10 GHz, the phase shifter has a measured IL 
lower than 3.2 dB, as shown in Fig. 11 and summarized 
TABLE. IV. 
#     Fig. 12 shows the relative change in phase (i.e. the phase 

flatness) for the eight operating states of the proposed phase 
shifter. In addition, the phase flatness of the proposed phase 
shifter was characterized. The bandwidth of the phase shifter 

can be described in terms of ±10° and ± 20° root mean square 
(RMS) change in the phase. These phase flatness figures are 
summarized in TABLE V. Fig. 12 and TABLE V show that the 
bandwidth of the proposed phase shifters varies according to 
the operating state. For example, between State 2 and State 5, 

there is a total phase shift of ~180°. For all of the states between 
State 2 and State 5 the ±10° RMS bandwidth of both phase 

shifters is higher than 750 MHz. The ±10° RMS bandwidth 
drops to ~650 MHz for State 6, while the bandwidth is ~400 
MHz for State 8 and higher than 250 MHz for State 9. However, 

both proposed phase shifters have a measured ±20° RMS 
bandwidth higher than 400 MHz for all operation states 
between State 6 and State 8 and a bandwidth higher than 1.1 

GHz for all states between State 2 and State 5, as summarized 
in TABLE V.  
   A single LM via behaves as a resonator within a high pass 
filter, as mentioned in Section III. The 3 dB cut-off frequency 

of the filter, thus formed, varies for each state and lies between 
9.4 GHz and 9.8 GHz for most states, as shown in Figs. 9 and 
11. For this reason the BW of the proposed phase shifter is 
asymmetric around 10 GHz. The proposed phase shifters 

therefore yield better performance at frequencies above 10 
GHz, as shown in the 𝑆21 amplitude and phase plots given in 
Figs. 8 to 11. The effect is particularly evident in states which 

provide a phase shift higher than 180°. For instance, in the 
performance of both phase shifters one can observe distortion 

in the phase response at frequencies below ≈9.5 GHz. This is 
particularly true in states 6,7,8 and 9, as shown in Figs. 8b and  
10b. However, due to the asymmetry mentioned above the 
phase shifters do not exhibit such distortion at frequencies 
above than 10.5 GHz. 

    One of the possible approaches for improving the operating 

frequency bandwidth of the phase shifters would be to introduce 

a second set of 8 drill holes, designed to provide a phase shifting 

range of 360°, at a frequency close to 10 GHz (say 9 GHz or 11 

GHz). If the operating frequency, of the second set of drill 

holes, were close enough to the operating frequency of the first 

set of drill holes then this should have the effect of creating a 

second pole in the 𝑆21 curve. This in turn would broaden the 

 
(a) 

 
(b) 

Fig. 14. Normalized change in the phase of the liquid metal phase shifters. 

(a) Non-uniform phase shifter, (b) Uniform phase shifter. 

 
TABLE V. 

MEASURED RMS BANDWIDTH OF PROPOSED PHASE SHIFTERS (UNIT: GHZ) 

 Non- Uniform 

±10° 
(GHz) 

Uniform 

±10° 
(GHz) 

Non- Uniform 

±20° 
(GHz) 

Uniform 

±20° 
(GHz) 

State 2 <2.80 

(8.70-11.50) 

2.60 

(8.90-11.50) 

> 4 

(8.0-12.0) 

> 4 

(8.0-12.0) 

State 3 1.50 

(9.35-10.85) 

1.40 

(9.40-10.80) 

2.9 

(8.90-11.80) 

2.6 

(9.0 -11.60) 

State 4 0.9 

(9.70-10.60) 

1.00 

(9.60-10.60) 

1.45 

(9.55-11.0) 

1.5 

(9.50-11.0) 

State 5 0.75 

(9.75-10.55) 

0.75 

(9.65-10.50) 

1.1 

(9.65-10.75) 

1.15 

(9.55-10.7) 

State 6 0.65 

(9.75-10.40) 

0.70 

(9.80-10.50) 

0.8 

(9.70-10.50) 

0.9 

(9.65-10.55) 

State 7 0.50 

(9.80-10.30) 

0.45 

(9.80-10.25) 

0.7 

(9.75-10.45) 

0.65 

(9.7-10.35) 

State 8 0.40 

(9.85-10.25) 

0.40 

(9.80-10.20) 

0.55 

(9.75-10.30) 

0.5 

(9.80-10.30) 

State 9 0.3 

(9.85-10.15) 

0.25 

(9.9-10.15) 

0.45 

(9.80-10.25) 

0.45 

(9.80-10.25) 

 

 
 
 
 
 
 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 15. Comparison between the simulated results of uniform phase shifter 

and non-uniform phase shifter. (a)-(b)  𝑆11 and (b) –(c) 𝑆21 [Caption: NU 
= Non-Uniform, U = Uniform] 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 16. Comparison between the measured results of uniform phase shifter 

and non-uniform phase shifter. (a)-(b)  𝑆11 and (b) –(c) 𝑆21 [Caption: NU 

= Non-Uniform, U = Uniform] 
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operating frequency bandwidth of the phase shifter. The 

disadvantage of this approach, however, is that it would 

increase the overall number of LM vias needed and thus the 

complexity of the design. An alternative approach for 

improving the bandwidth and IL performance of the proposed 

phase shifter is to design a new phase shifter having a phase 

step less than 45°. For example, preliminary simulation results 

shows that the bandwidth of the proposed phase shifter can be 

improved by more than 20%, in all operating states, when the 

proposed phase shifter has a phase step of 36° with 10 LM vias. 

Fig. 15 and Fig. 16 compare the performance of both of the 

proposed phase shifters. From inspection of the overlaid curves 

one can observe very little difference between the performance 

of the two phase shifters. This is especially true of the insertion 

loss performance, as shown in Figs. 15(b), 15(d), 16(b), and 

16(d). For instance, the variation in IL performance between 

any two similar states in both of the proposed phase shifters is 

less than 0.5 dB, across the entire operating bandwidth. The 

reason for the similarities in the performance of the proposed 

phase shifters is that they have similar reflection coefficients 

(𝑆11 and 𝑆22) for each state, as shown in Figs. 15(a), (b) and Fig. 

16(a), (b). The IL performance is directly affected by the 

impedance mismatch (as measured by the 𝑆11 and 𝑆22 values). 

Furthermore, if their |𝑆11| and |𝑆22| is greater than 6 dB, then 

both phase shifters will have low and similar IL performance. 

The difference in IL will be much less when the |𝑆11| and |𝑆22| 
is greater than 10 dB. Finally, the difference in IL becomes 

negligible when the |𝑆11| and |𝑆22| is greater than 15 dB. 

VI. BENCHMARKING 

This section compares the performance of the proposed 

phase shifter against that of phase shifters based on with 

alternative state-of-the-art technologies. It also discusses the 

advantages and disadvantages of the proposed phase shifters. 

Table VI compares the performance of the proposed liquid 

metal (LM) phase shifter against that of several state-of-the-art 

X-band phase shifters. The proposed LM phase shifters have 

low IL and low RMS amplitude variations (<1.5 dB for all 

states). The IL performance of the proposed phase shifters is 

better (i.e. lower) than that of all of the state-of-the-art phase 

shifters which provide a phase shift of up to 360°. This enables 

the proposed phase shifters to have an extraordinary FoM 

performance of 131.3 °/dB and 122.4 °/dB at 10 GHz. This 

FoM is significantly higher (i.e. better) than that of all state-of-

the-art phase shifters, irrespective of the technology used. In 

addition, the proposed phase shifters are based on SIW 

technology and fed using SMA connectors. We expect that the 

proposed phase shifters are capable of handling very levels of 

RF power. The reason for this is that there appears to be nothing 

about LM that should limit its power handling capability. The 

power handling capability of the phase shifters is likely to be 

limited only by that of the SIW transmission line itself, which 

is considerable. Furthermore, in comparison, to the LM phase 

shifters proposed in [79] and [80], the proposed phase shifters 

have much better FoM performance together with a larger 

overall phase shift of 360°, in comparison to 67° for [79], and 

180° for [80]. In addition, the proposed phase shifters have 

wider operating bandwidth than [80]. Specifically, the phase 

shifter reported in [80] has a ±10° RMS bandwidth of ≈440 

MHz with total phase shift of 180°. The proposed phase shifters, 

on the other hand, have ±10° RMS bandwidth wider than 750 

MHz when achieving a phase shift of 180°. This involves 

reconfiguring between State 1 and State 5, as summarized in 

Table V. Finally, in comparison, to [80], the proposed phase 

shifter is less complex with much fewer LM vias. They are also 

much smaller in size and most importantly have the ability to 

be easily integrated an SIW feeding structure to realize a 

complete phased array system. This is one of the key 

motivations for developing the proposed phase shifters. 

However, the phase shifter reported in [80] relies on switching 

TABLE VI. 

COMPARISON BETWEEN THE PERFORMANCE OF THE PROPOSED PHASE SHIFTERS AND OTHER PHASE SHIFTERS ACROSS DIFFERENT TECHNOLOGIES  

Reference Technology 
Frequency 

(GHz) 

FoM 

(°/dB) 

IL 

(dB) 

Phase 

shifting 

Range (°) 

(∅𝒎𝒂𝒙) 

BW 

(GHz) 

RMS 

phase 

error 

(°) 

RMS  

amplitude 

error 

(dB) 

Resolution 

(°) 

Size 

(mm) 

[9] 0.25 𝜇𝑚  SiGe BiCMOS 10 < 30 > 12 360 8.2-12 6.4 >3.0 11.25 1.87× 0.88 

[15] 0.18𝜇m SiGe BiCMOS 10 30.25 11.9 360 8-12 4.6 ≈0.6 5.625 NA 

[16] 250nm SiGe BiCMOS 10 27.7 ≈13 360 8-12 4 ≈0.6 5.625 3.42 × 0.95 

[57] 0.13𝜇𝑚 CMOS 10 27.3 13.2 360 8.5-10.5 4.1 ≈0.8 5.625 2.06 × 0.58 

[18] Ferroelectric based 10 52 <8 342 8-10 8.5 >2.5 NA 2.8 × 3 

[21] Ferroelectric based 10 40.1 10.3 413 8-12 NA >3 NA 3.8 × 2.3 

[25] Ferrite - LTCC 10.6 48 <7 215 9-12 NA NA NA ≈45 × 45 

[27] Liquid Crystal 10 ≈24 ≈2.5 ≈60 10-67 NA NA NA NA 

[41] Liquid Crystal 14.8 NA NA 185 14.5-15.3 NA NA NA NA 

[42] Liquid Crystal 10 ≈15.2 ≈5 ≈101 6-10 NA NA NA NA 

[44] Liquid Crystal 10 NA ≈3.9 ≈100 5-40 NA >3 NA < 4 × 1 

[7] GaN 10 12.8 14 180 8.5-11.5 4.5 ≈0.6 11.25 4.7 × 5 

[54] GaN 10 ≈11 <5 22.5 or 45 7.5-13 ≈5.6 1.1 NA ≈1 × 1 

[66] 5 bit MEMS 10 ≈60 ≈6 360 8-12 <10 >4 11 ≈9 × 1.2 

[79] Liquid Metal 5.6 70 ≈1 ≈67 NA NA NA NA NA 

[80] Liquid Metal 10 78.3 2.3 180 9.8-10.2 10 NA 10 87.2 × 56.2 

[107] PIN Diode - SIW 10 ≈90 ≈2 <180 10-14 NA >0.8 NA NA 

This work 
Liquid Metal (Non-

Uniform) 
10 131.3 <2.8 367.6 9.8-10.25  20 

<1.5 
≈45 57.2 × 14 

This work Liquid Metal (Uniform) 10 122.4 <3.1 379.5 9.8-10.25 20 <1.5 ≈45 57.2 × 14 
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between different SIW transmission lines that have different 

electrical length to achieve the phase shift which requires large 

physical size to allow the phase shifter to accommodate the 

different physical paths. This limits the capability of the phase 

shifter in [80] to be integrated in a feeding structure suitable for 

a complete phased array antenna system based on LM 

technology. 

However, the main disadvantage of the proposed phase 

shifters that they have limited ±20° RMS bandwidth of 400 

MHz together with relatively coarse resolution, of 45°, and a 

relatively larger physical size. For instance, in comparison to 

the proposed LM phase shifter, the CMOS and GaN based 

phase shifters, report in [9], [15], [16], [57], [7], [54], all have 

a much better resolution, wider bandwidth, and smaller in size. 

However, they have much worst FoM and IL performance and 

they suffer from limited power handling capability in 

comparison to the proposed LM phase shifters. Finally, the 

proposed phase shifter is expected to have a reconfiguration 

time ranges between milliseconds to seconds [55], [81]. For 

example, Liquid metal actuation speeds of up to 30 cm/s have 

been reported in the literature when using electrochemically 

controlled capillary (ECC) action [108]. It would thus take 

approximately 3 ms to fill each via using ECC action. This is 

relatively slow in comparison with phase shifter based on 

competing technologies. However, with further developments, 

actuation speeds are likely to increase. 

VII. CONCLUSION 

     This paper presents two phase shifters. The phase shifters 

compact and they are based on substrate integrated waveguide 

(SIW) technology, which makes them suitable for use within 

phased array antennas. The paper presents a design process for 

those phase shifters along with the simulated and the 

experimentally validated results for a hardware prototype. The 

phase shifters can be reconfigured using vias formed of liquid 

metal (LM). The proposed phase shifters exhibit a 360 phase 

shifting range along with low insertion loss (IL). In the 

proposed designs, LM is used to create removable vias, which 

can be used to reconfigure the phase of the proposed phase 

shifters. Specifically, when a certain via is needed a drill hole is 

filled with LM. When the via is no longer needed the LM is 

removed. Each phase shifter incorporates a total of eight drill 

holes. Both phase shifters can achieve a total phase shifting 

range of ~360° in eight steps of ~45°. The proposed phase 

shifters offer various important advantages over the existing 

technology, including: low IL, excellent Figure of Merit (FoM), 

and the potential for high power handling ability.  
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